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Abstract:
We experimentally demonstrate that quantum superposition permits two-way communication between two distant parties that can exchange only one photon and show that the transmitted bits and the direction of communication remain private.
OCIS codes: (270.0270) Quantum Optics; (270.5565) Quantum Communications Quantum systems allow the realization of tasks that are not conceivable in classical physics and can lead to the development of novel technologies with many advantages with respect to their classical counterparts.
In this work, we experimentally implement a recently proposed protocol [1] , showing that, by means of quantum superposition, it is possible to achieve two-way communication between two distant parties which only exchange a single particle once. This is impossible in classical physics, where two-way communication can be realized only if the parties exchange two particles, one per party, or if the same particle goes back and forth between them.
We consider a communication game in which a referee respectively assigns two random input bits, xand y to two distant communication parties, named Alice and Bob, who are then allowed to exchange only one particle. We call τ the time it takes for the exchange to be completed, that is the interval between the time at which the particle leaves Alice's or Bob's location and the time at which it is detected. We assume τ shorter than the time required to a physical object to travel more than once the distance between Alice and Bob. When the exchange is completed, the referee asks Alice and Bob to reveal two output bits, a and b: they win the game if they both guess correctly the value of the other player's input (that is if a = y and b = y). It can be shown that, for a classical particle, the maximum probability of winning the game is 50 % [2] .
This limit can be overcome by using a single photon (any quantum particle in general) in superposition between Alice´s and Bob´s locations. We create the superposition state by means of a beam splitter and encode the bits x and y in the phase of the photon, thus obtaining the state:
where ̂ and ̂ are, respectively, the photon creation operators at Alice´s and Bob´s locations and | ⟩ is the vacuum state. As depicted in figure 1, after the phase encoding, the photon is sent to a second beam splitter where, due to interference, it can travel either to Alice or to Bob according to the parity of the two bits x and y.
. Therefore, by checking if they detect the photon, Alice and Bob can respectively infer the value of the other player´s bit, ideally with 100 % probability. We measure a maximum probability of winning the game of (96.1 ± 0.6) %, averaged over 100 random input bit pairs. We estimate the probability of success for each input bit pair by repeating the experiment about 15 × 10 3 times, once for each of the photons that are consecutively emitted by our source.
In order to prove that each photon cannot be exchanged more than once between the two parties, we measure the time τ between the reception of the photon before the encoding and the final detection after the second beam splitter. Actually there are four delays to be measured, according to whether the initial reception and the final detection of the photon are considered at Alice or Bob. The results of these measurements are shown in table 1.It can be seen that, in all the cases, τ is shorter than the time the photon would take to travel twice the minimum distance between Alice and Bob (reference time) by more than 3 standard deviations. We exclude the possibility that two photons are simultaneously exchanged by Alice and Bob by measuring the heralded second-order correlation function at zero delay of our photon-pair source g (2)( 0) and obtaining a value of 0.004 ± 0.01, which is statistically compatible to 0 and in line with the lowest values obtained in quantum optics experiments [3] .
The implemented scheme can also be used by the parties to simultaneously transmit any two bits x and y with one particle only. Interestingly the values of the bits are encrypted, as it can be easily seen from equation 1. In fact, the only piece of information that is extractable from the state | ⟩ is the relative phase ( ) . This means that a potential eavesdropper, Eve, does not have direct access to the transmitted bits but only to their parity and therefore she could guess them with a probability of 50 % at best. If, by repeating the procedure several times, one of the two parties transmits a one-time pad, a truly random sequence that can be used only once, the message transmitted by the other one is then fully secure against eavesdropping [4] , once it is assumed that they actually share the state | ⟩ for each pair of transmitted bits. Furthermore Eve cannot know which party is transmitting the one-time pad and which one the message, meaning that the direction of communication is also hidden.
In conclusion, we have shown experimentally that, by using quantum superposition, it is possible to perform two-way communication between two parties that exchange only a single photon once. The implemented protocol, under certain assumption, allows secure direct communication between them, with the additional feature of hidden communication direction.
